Rare earth element and yttrium in hydrothermal fluids sampled from six high temperature vents and two diffuse flow sites on the Endeavour segment, Juan de Fuca Ridge by US-CHINA Joint Deep Dive Cruise in Aug. 2005 were analyzed by ICP-MS after being pre-concentrated by 20-fold. According to the species distributions calculated by GWB, the chondritenormalized REE patterns (REE CN ) of these fluids are characterized by LREE enrichment and positive Eu anomalies, which are mainly controlled by complexing with chloride. The (La/Yb) CN ratio does not correlate significantly with fluoride. Sulfate content are low in most high temperature fluids except in Gremlin vent fluids. Certain amounts of REE are complexed with sulfate that likely originates from oxidation of magmatic SO 2 and/or H 2 S in Gremlin. Sulfates, mostly come from seawater, are also responsible of large percentage of REE complexes in diffuse fluids.
INTRODUCTION
Rare earth element (REE) and pseudolanthanide yttrium (Y) remain relatively tightly coupled in many geochemical processes and systematic changes in their chemical properties are mainly due to the gradual reduction of the ionic radius of trivalent REE (Shannon, 1976) as the atomic number increases. As a result, REE and Y (REY) have long been regarded as one of extraordinarily effective indicators in probing into the processes of hydrothermal circulation and characteristics of water-rock interaction in mid-ocean ridges (MOR) (Klinkhammer et al., 1983 (Klinkhammer et al., , 1994a (Klinkhammer et al., , 1994b (Klinkhammer et al., , 1995 Michard et al., 1983; Mitra et al., 1994; Douville et al., 1999) and back-arc basin action.
The hydrothermal system on the Endeavour segment, Juan de Fuca Ridge (JDFR) has been studied for more than twenty years, but the characters of rare earth element in hydrothermal fluids have not been systematically investigated yet. In this paper, the REY concentrations in hydrothermal fluids from six high temperature vents and two diffuse flow sites on the Endeavour segment are reported and species distributions of REE in hydrothermal fluids are also studied. By virtue of these, this paper could help people to (1) significantly extend their knowledge of REY characteristics in MOR; (2) identify the factors controlling the REE patterns and concentrations in hydrothermal fluids at Endeavour segment, JDFR and (3) probe into the characteristics of water-rock interaction in this area.
GEOLOGIC SETTING
The JDFR system (Fig. 1a) , located between 44°N and 48°N off the coasts of British Columbia, Washington and Oregon, is a medium-rate spreading center and its half rate is about 3-4 cm/yr (Reyes et al., 1995) . The JDFR is divided into the West Valley, Endeavour, Cobb, CoAxial, Axial, Vance and Cleft segments from north to south.
The approximately 90 km long Endeavour segment, Delaney et al. (1992) and Kelley et al. (2001) .
Fig. 1. (a) General geologic map showing the location of the Endeavour segment, JDFR; (b) Main hydrothermal fields on the Endeavour segment (c) detailed geologic map of the Main Endeavour field. Modified from
bounded north and south by overlapping spreading centers, contains six main hydrothermal vent fields, Sasquatch, Salty Dawg, High Rise, Clam Bed, Main Endeavour and Mothra, from north to south respectively (Fig.  1b) . The central part of the segment is a 25 km long volcanic high split by a 75-200 m deep, 0.5-1 km wide, steep-sided axial valley, which widens to the south, reaching a width of about 3 km at the end of the segment (Glickson et al., 2007) . SeaMARC I (Kappel and Ryan, 1986) and Alvin observations (Delaney et al., 1992) testify that recent volcanism is restricted to the narrow floor of the valley. In 1999, a large earthquake swarm occurred on the Endeavour segment, JDFR influencing hydrothermal activity in and around the Main Endeavour field (Johnson et al., 2000) . The Main Endeavour vent field located near 47°57′ N and 129°05′ W (Fig. 1b) is situated on the axial valley floor at a depth of ca. 2200 m. This field has been studied for more than two decades and detailed hydrothermal vents have been mapped (Fig. 1c) . Both the size of the sulfide structure and the quantity of high-temperature fluid discharge at this field are large, compared to most other hydrothermal fields (Tivey and Delaney, 1986) . The Clam Bed Field (CBF), characterized by diffuse flow and a single major vent within pillow basalts (Reyes et al., 1995) , is located ca. 1.4 km north of the Main Endeavour field (Tivey et al., 1999) . The Mothra hydrothermal field, aligned along a trend of 020, paralleling the ridge axis, is located ca. 2.7 km south of the Main Endeavour field and covers an area at least 500 m long. The sulfide structures in this field are characterized by steep-sided pinnacles that reach up to 20 m above the seafloor (Kelley et al., 2001) , which distinguishes it from other Endeavour segment venting fields.
SAMPLING AND METHODS

Sampling
In August 2005, two of the authors (Zhou and Peng) participated in an RV Atlantis/Alvin dive cruise in the Juan de Fuca Ridge hydrothermal fields. Hydrothermal fluids were sampled from five black smokers at the Main Endeavour vent site (Fig. 1c) and one black smoker, Faulty Towers, at the Mothra hydrothermal site. Besides these high temperature black smoker fluids, diffuse hydrothermal fluids were also collected from CBF and a diffuse flow field, which is adjacent to the southwest of CBF and was named the Shimmering Water Site (SWS). The temperatures of these fluids were measured with the DSV Alvin high-temperature probe. The temperatures of diffuse flow samples were much lower than those of black smoker fluids (Table 1 ). All samples were collected by 755 ml titanium majors bottles mounted rigidly on the Alvin basket (Von Damm et al., 1985) and were stored in acid-leached polyethylene bottles for determination of major ions and rare earth element and yttrium.
Analytical methods
Rare earth elements and yttrium The subsamples for analyzing REY were acidified with ultrapure HCl to pH < 2 and filtered with 0.45 µm Millipore filters. The precipitates were digested with distilled HNO 3 and the overall compositions of samples were obtained by combining analytical data for the dissolved phase and digested particles. About 60 g filtered fluids were passed through a Bio-Rad ® cation-exchange resin (AG-50W-X8, 200-400 mesh) quartz column (ø0.6 cm × 12 cm) followed by eluting with 20 ml 1.5 M HCl and 45 ml 2.0 M HCl to remove matrix elements. Barium was also eliminated from (Greaves et al., 1989) . Finally, REY were eluted with 50 ml 6.0 M HCl. The eluents were evaporated to dryness and taken up in 1.5 ml 2.0 M HNO 3 with 1.5 ml 20 ppb Rh added as internal standards. Thus, REY were separated and pre-concentrated by 20-fold. 
Speciation calculations
REE speciation calculations were carried out by using the Geochemist's Workbench ® (GWB) computer code. The default database for this code was modified by adding the thermodynamic data for REE, which are from the SUPCRT92 with the 1998 updated database (Johnson et al., 1992; McCollom and Shock, 1998) and extended by aqueous REE complexes with fluoride (F -), chloride (Cl -), hydroxide (OH -), carbonate (CO 3 2-), bicarbonate (HCO 3 -) and sulfate (SO 4 2-) (Haas et al., 1995) . Log K values were calculated for high and low temperatures and saturation pressure by using SUPCRT92. In the GWB calculations, the B-dot equation (Helgeson, 1969 ) was used to calculate activity coefficients for aqueous species. 
Fig. 2. Dissolved (a) La, (b) Eu, (c) Y and (d) Lu versus Mg for high temperature vent fluids from the Endeavour segment, JDFR.
SW Gremlin Dudley
RESULTS AND DISCUSSION
End-member elemental concentrations of high temperature vent fluids were calculated using a least squares regression by extrapolating fluids composition to zero Mg (Von Damm et al., 1985) (Fig. 2) . Calculated endmember composition of high temperature fluids and diffuse fluids composition are listed in Tables 1 and 2 .
The concentrations of REY in the Endeavour hydrothermal fluids, which are bracketed by those in East Pacific Rise and Mid-Atlantic Ridge fluids (Klinkhammer et al., 1994a; Douville et al., 1999) , are several orders of magnitude greater than in seawater ( Table 2) .
The chondrite-normalized REY (REY CN ) patterns are characterized by LREE enrichment and positive Eu anomalies in all samples (Fig. 3) . This is similar to REE CN patterns of hydrothermal fluids in diverse spreading center settings (Klinkhammer et al., 1994a (Klinkhammer et al., , 1994b (Klinkhammer et al., , 1995 Mitra et al., 1994; Douville et al., 1999) , but distinct from landbased hydrothermal fluids (Wood, 2006) .
Calculations of REE speciation
Since the REE CN patterns of hydrothermal fluids are clearly similar to those in plagioclase phenocrysts, it has been suggested that the REE distribution in hydrothermal fluids is controlled by crystochemical exchange with plagioclase phenocrysts (Klinkhammer et al., 1994a; Douville et al., 1999) . However, some experiments (Allen and Seyfried, 2005; Bach and Irber, 1998) revealed that this need not always be the case as the hydrothermal fluids with similar pattern can be produced entirely in the (Blundy and Wood, 1994; Bau and Dulski, 1995, 1999) , Chondrite value comes from McDonough and Sun (1995) .
Fig. 4. REE speciation distributions in hydrothermal fluids in (a) Gremlin, (b) Dudley, (c) Peanut, (d) S&M, (e) Salut, (f) Faulty Towers, (g) CBF and (h) SWS. Distributions of speciation are calculated at saturation pressure at 300°C for high temperature vent fluids and at 25°C for low temperature diffuse fluids.
absence of plagioclase. On the other hand, many studies show that the formation of REE-complexes in hydrothermal fluids not only greatly enhances the stability and mobility of REE but also constrains the characteristics of REE distributions (Wood, 1990; Haas et al., 1995; Gammons et al., 1996; Sanada et al., 2006) .
The pH of all vent fluids in JDFR was below 7.0 (Ding et al., 2001 and written communication) , hence REE complexing with ligands such as hydroxides, carbonates, bicarbonates, and phosphates can be ignored. The major potential ligands, chloride plus fluoride and minor sulfate, were used in calculations of REE speciation.
The results of REE speciation calculations by GWB demonstrate that hydrothermal fluids collected from the various vents or sites show different REE complexation behaviors (Fig. 4) . REE are complexed mainly by chloride and fluoride in most high temperature hydrothermal fluids, but in low temperature fluids, they exist mostly as SO 4 2--complexes and free ions. Normally, sulfate concentration is quite low in high temperature vent fluids, and sulfate complexes could be ignored. In Gremlin fluids, however, REE complexation by sulfate accounts for a large part of the total REE complexes when compared to other high temperature vent fluids. This arises because of its high sulfate concentrations (Table 1) . Major elements concentrations in Gremlin fluids are much lower than in other high temperature vent fluids (Zhou et al., unpublished data) and the actual chloride content in Gremlin vent fluids is only 68 mmol/kg according to Br/Cl ratio (Table 1) , hence Gremlin vent fluids are most vaporrich. It is reasonable to deduce that abundant magmatic SO 2 or/and H 2 S are dissolved in Gremlin fluids and the sulfate most likely originates from the oxidation of these gases: 4SO 2 + 4H 2 O = 3H 2 SO 4 +H 2 S H 2 S + 2O 2 = H 2 SO 4 .
The above reactions also indicate the condition in Gremlin vent is somewhat oxidative and the oxidant may come from deep circulated seawater. Eu is dominated by the divalent state in hydrothermal solution at high temperature and pressure conditions (Sverjensky, 1984) , hence Eu 2+ is complexed more strongly with chloride and much more stable than other REE(III) (Fig. 4) . However, Eu 2+ is easily oxidized to Eu 3+ in oxidizing conditions (Bau, 1991) and the Eu anomaly will be diminished. The positive Eu anomaly is relatively small in Gremlin vent fluids (Table 2) , which could be explained partly by the oxidation of Eu 3+ . Furthermore, EuSO 4 is insoluble in solutions (Handbook of Chemistry and Physics, 2007) . The large amount of sulfate may scavenge Eu 2+ from Gremlin vent fluids and result in preferential losses of Eu from solution relative to other REE.
At high temperature and pressure conditions, LREE are complexed more strongly with chloride than HREE and Eu is almost completely associated with chloride (Fig.  4) ; this is remarkably consistent with observed patterns of REE in vent fluids. This suggests that the REE CN patterns are influenced greatly by Cl-complexes during the water-rock interactions. The highest positive Eu anomaly in Faulty Towers vent fluids (Fig. 4) is naturally partly due to its highest chloride concentration. Although HREE are preferentially associated with fluoride rcompared to LREE (Figs. 4a-f) , the (La/Yb) CN does not correlate significantly with fluoride (Fig. 5) , suggesting fluoridecomplexes do not enhance the mobility and stability of HREE in the Endeavour hydrothermal systems. It is probable that the complexes with chloride are underestimated and the complexes with fluoride are overestimated in the calculations. In fact, much of the fluoride should associate preferentially with protons in vent fluids and the amount of fluoride complexed with REE is likely overestimated (Douville et al., 1999) . Unfortunately, we do not have accurate pH for every vent fluid and could not evaluate quantitatively this putative overestimation.
In addition to complexation, temperature in the subseafloor reaction zone also plays a key role in the REY content in vent fluids. It is well known that temperature can enhance the kinetics of water-rock interaction and the high REY concentrations in Peanut fluids could be attributed to the elevated temperature ( more, temperature and pressure can also determine the occurrence of phase separation in water-rock interaction zone, and then REY should be fractionated between Cldepleted vapor and Cl-rich brine phase. Most trace metal elements are highly linked to chloride and generally depleted in the vapor phase (Gallant and Von Damm, 2006) , as were observed low REY content in Gremlin vent fluids. However, relatively low REY contents are observed in brine-rich Faulty Towers vent fluids, suggesting that other factors, such as scavenging, may have contributed to this phenomenom.
Y/Ho ratios and mixing with seawater
It has been long recognized that Y has a geochemical behavior similar to that of REE and especially Ho (Jochum et al., 1986) . Hence, Y and Ho remain tightly coupled in many geochemical processes and Y/Ho ratio in igneous rocks and epiclastic sediments (Bau and Dulski, 1999 ) is similar to the chondritic molar ratio of 52 (McDonough and Sun, 1995) . However, Y/Ho ratios in hydrothermal fluids are often characterized by non-chondritic values (Table 2 ). Seawater has a more elevated Y/Ho (Y/Ho = 101) ratio than chondrite, hence Y/Ho ratios in hydrothermal fluids will increase when mixing with seawater. REY concentrations in seawater, however, are generally several orders of magnitude lower than in vent fluids thus mixing with seawater is not the primary cause of the observed high Y/Ho ratio. Y is less effectively removed from fluids by metal particles than any of trivalent REE (Nozaki et al., 1997; Bau and Dulski, 1999) and this can result in the fractionation between Y and Ho. Peanut vent fluids have the similar Y/Ho ratio to chondrite, suggesting the REY uptake by metal particles is negligible in this vent. This conclusion also could be supported from the relatively high Fe concentrations in Peanut vent fluids.
In contrast, the extremely high Y/Ho ratio in Gremlin and Faulty Towers vent fluids with low Fe concentrations (Fig. 6 ) may come from the intensive removal of Ho by Fe, Mn-oxyhydroxides (e.g., De Carlo et al., 1998; Koeppenkastrop and De Carlo, 1992; Quinn et al., 2006) . Eu 2+ is also less readily scavenged compared to other REE (Hongo and Nozaki, 2001) in high temperature vent fluids. Consequently, the highest positive Eu anomaly in Faulty Towers vent fluids (Table 2) is also consistent with REE uptake by particulate matter, but the positive Eu anomaly is decreased by the oxidation of Eu 3+ and precipitation of insoluble EuSO 4 in Gremlin fluids (discussed in detail in Subsection "Calculations of REE speciation").
REE uptake from vent fluids onto Fe, Mnoxyhydroxides mainly occurs through two mechanisms:
(1) coprecipitation with particulate matter; and (2) uptake by scavenging (Rudnicki and Elderfield, 1993) . Coprecipitation is the main mechanism for the removal of REE in the early stages of plume but scavenging is dominant in the neutrally-buoyant plume (Mitra et al., 1994) . Actually, removal of REE from hydrothermal fluids by coprecipitation and scavenging could also happen during the mixing stage within the vent or in the subseafloor beneath the vent much earlier than at the plume stage. When hot, acidic, reducing and metal-rich vent fluids mix with cold, oxidizing and metal-depleted seawater, large amounts of Fe, Mn-oxyhydroxides form rapidly (Tivey and Delaney, 1986; Tivey et al., 1999) . Removal of REE from hydrothermal fluids by coprecipitation and scavenging should take place simultaneously. Scavenging by metal particles could cause greater fractionation between Y and Ho than coprecipitation and likely results in the larger Y/Ho ratios observed in the plume than in vent fluids (Fig. 6) . The low Y/Ho ratios in most high temperature fluids on the Main Endeavour vent field indicate the effect of coprecipitation is negligible. The relatively low REE concentrations, high Y/Ho ratios and positive Eu anomalies in Faulty Towers and Gremlin vent fluids are explainable by the notable scavenging. Scavenging may have been enhanced by metal particulates adhering to the inner wall of Major Pairs sampler and/or sample bottles which are difficult to clean (Hinkley and Tatsumoto, 1987) .
Commonly, diffuse fluids are generated by mixing high temperature vent fluids with seawater (Butterfield et al., 2004; Von Damm and Lilley, 2004) . The CBF and SWS diffuse fluids fields are adjacent to the Main Endeavour field and they are believed to be derived from the mixing between the Main Endeavour high temperature vent fluids and seawater. As mentioned above, Peanut vent fluid (Hongo et al., 2007) , and other data come from Douville et al. (1999) .
has a similar Y/Ho ratio to chondrite and removal of REE is insignificant. We therefore considered Peanut vent fluids as "pristine" vent fluids on the Main Endeavour field and utilized them in the mixing calculations. According to Mg content in ambient seawater (Mg = 56.2 mM) and Peanut vent fluids (Mg = 0), seawater accounts for 92.5% and 75% of CBF and SWS fluids respectively. Figure 7 portrays the differences between REY CN patterns of the ideal mixing fluids and those of CBF and SWS fluids. LREE are obviously depleted and Eu anomalies are enhanced in real hydrothermal fluids when comparing to the ideal mixing fluids, which indicate LREE and Eu are fractionated during mixing. The distribution coefficients between anhydrite and fluids for LREE and Eu 2+ are larger than those for HREE under the crystallographic control (Morgan and Wandless, 1980) , hence anhydrite could cause the LREE-rich and negative Eu anomaly fluidsnormalized REE patterns (Humphris and Bach, 2005; Mills and Elderfield, 1995) . Anhydrite is easy to precipitate when high temperature vent fluids mix with seawater, so we hypothesize that the LREE-depleted patterns and the enhanced positive Eu anomalies in CBF and SWS fluids are caused by the crystochemical exchange with anhydrite. Because there are no obvious anhydrite deposits above the two diffuse fluids field, in contrast to the TAG, it could be postulated that mixing is completed before diffuse fluids spout and that vast anhydrite deposits may exist under the seafloor at these sites.
The ionic radius of Eu 2+ is larger than that of other REE(III) (Shannon, 1976) , and the enhanced positive Eu anomalies (Fig. 7) imply that Eu should be dominant as Eu 2+ which was discriminated against by anhydrite precipitations during mixing. Temperature from mixing could be calculated according to thermodynamic properties of NaCl solutions at high temperature and pressure conditions (Bischoff and Rosenbauer, 1985) by considering ambient seawater is 2°C and Peanut vent fluids is 357°C (Table 1) . According to the mixing ratios calculated by Mg content, the temperature of CBF hydrothermal fluids is 47°C and SWS fluids is 152°C when mixing with seawater. These temperatures are higher than the measured values (Table 1) , suggesting it is difficult to estimate the real temperature of diffuse fluids. Eu is present in the trivalent form like the other REE(III) under these temperature conditions (Sverjensky, 1984) and positive Eu anomalies could not be enhanced in diffuse fluids. Consequently, the seawater should be heated by conductive heating before mixing and the actual temperature of diffuse fluids is by far higher than the calculated and measured values.
Another remarkable character is the intensive negative Ce anomaly in SWS fluids (CBF fluids also show slight negative Ce anomaly) (Fig. 7) . It is well known that Ce is a valence-variable element which is easily fractionated from other REE by particle absorption under oxidizing conditions (Koeppenkastrop and De Carlo, 1992) . Hence, negative Ce anomaly may result from oxidative scavenging on mineral particles when high temperature vent fluids mix with seawater. The Y/Ho ratios are also enhanced by scavenging in the two diffuse fluids. Lackschewitz et al. (2000) , EPR off-ridge sediments value is (Tb/Lu) CN (Ruhlin and Owen, 1986) . Other data after Douville et al. (1999) .
Potential influence of sediments
Although high temperature vent fluids from the Endeavour segment show relatively similar REE patterns, some interesting points are nevertheless apparent. The chondrite-normalized HREE (HREE CN ) pattern in Faulty Towers vent fluids from Mothra is flatter than in other fluids from the Main Endeavour (Fig. 8) . REE in hydrothermal fluids mainly come from rock during water-rock interaction, so various types of rock may induce different REE patterns (Allen and Seyfried, 2005) . However, the Main Endeavour field is so close to the Mothra field that rock involved in the water-rock interaction is believed to be identical at both sites (Delaney et al., 1992) . On the other hand, the fluoride concentration in Faulty Towers vent fluids is lower than in other vent fluids and could not be sufficient to induce the flat HREE CN pattern. Hence, the flat HREE CN pattern indicates that other factors influence Faulty Towers vent fluids.
The fractionation of HREE in the Mothra vent fluids is close to that of sediments but obviously different from those in other sediment-starved hydrothermal systems where HREE CN patterns are coincident with the Main Endeavour (Fig. 8) , suggesting Faulty Towers vent fluids are possibly modified by sediments. Although the Endeavour segment has been acknowledged as a sediment-starved field, one also can find supporting evidence from the exceptionally high CH 4 and NH 4 + concentrations in vent fluids (Lilley et al., 1993) . These organic substances are explained by the decomposition of subseafloor organic matter associated with sediments. Hence, it may be concluded that sediments contribute much to the Mothra vent fluids comparing to the Main Endeavour hydrothermal fluids.
Middle Valley is a sediment-covered hydrothermal field, which is nearer to the Main Endeavour and relatively far from Mothra. If sediments are carried by the recharging seawater from Middle Valley in hydrothermal circulating systems, the Main Endeavour fluids should be influenced intensively compared to the Mothra vent fluids; but this is not the case. Accordingly, one possibility is that vent fluids are influenced by sediments off ridge axis during a long history of hydrothermal circulation, and another possibility is that sediments could be buried in the water-rock interaction zone or/and upflow zone in the Mothra hydrothermal field. This speculation is undoubtedly rational but some questions may arose: what the provenance of these buried sediments in the waterrock interaction zone or/and upflow zone? When and how did they be buried? All of these questions bear further investigation.
CONCLUSIONS
REE are mainly associated with chloride in most high temperature vent fluids on the Endeavour segment and REE-chloride complexes play an important role in controlling the REE CN patterns. The elevated SO 4 2-comes from oxidation of magmatic gases and SO 4 2--complexes account for a large fraction of the total REE-complexes in Gremlin vent fluids. Oxidizing conditions and insoluble EuSO 4 are likely responsible for the relatively slight positive Eu anomaly in Gremlin vent fluids. High REY concentrations and low Y/Ho ratios in most high temperature vent fluids indicate scavenging is negligible in these vent fluids. In Gremlin and Faulty Towers vent fluids, however, scavenging may be caused by metal particulates adhered to the inner wall of Major Pairs sampler and/or sample bottles. Oxidative scavenging by particles during mixing is also responsible for the negative Ce anomalies in diffuse fluids. Owing to their highest REY concentration and low Y/Ho ratio, Peanut vent fluids could be considered as "pristine" vent fluids on the Main Endeavour field. Based on features of the REE patterns of diffuse fluids and anhydrite, it is proposed that vast anhydrite precipitates may exist under the seafloor in CBF and at the SWS diffuse field. The LREE-depleted patterns and enhanced positive Eu anomalies in diffuse fluids result from the crystochemical exchange between fluids and anhydrite. The HREE CN pattern in Faulty Towers vent fluids on the Mothra is similar to sediment but flatter than in vent fluids from sediment-starved hydrothermal sites, indicating the potential influence of sediments on the Mothra vent fluids. The characteristics of vent fluids are different from one vent to another on the Endeavour segment, JDFR. Factors affecting fluid compositions, such as complexation, scavenging and mixing, controlling the chemistry of hydrothermal fluids can be elucidated from highly precise REY data.
